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Washington State is the largest producer of processed red raspberry (Rubus idaeus L.) in the United States, with an annual crop value of approximately $50 million (22) . The plant-parasitic nematode Pratylenchus penetrans (Cobb, 1917) Filip. & Stek. 1941 is a major constraint to red raspberry production in this region, along with other pathogens and pests (17) . Pratylenchus spp. have been shown to reduce nutrient and water uptake in perennial plants (14, 24) . Consequently, the reduction in nutrient and water uptake can reduce plant vigor and shorten the productive lifespan of a planting (3, 33) . Feeding and migration of this nematode in raspberry roots causes necrotic lesions that can kill roots over time. Several studies have reported on the impact of P. penetrans on red raspberry establishment (1, 16) . When red raspberry was planted in P. penetrans-infested soil, mortality was greater and plant growth was reduced compared with plants grown in areas free of nematodes (16) .
Red raspberry production, like strawberry and other high-value crop systems, relies significantly on preplant soil fumigation for the control of plant-parasitic nematodes (3, 30) . Soil fumigation can protect young plants and significantly increase plant growth and yield in the following years. However, the improvement of plant growth and yield using soil fumigation disappears after a few years, and high densities of P. penetrans can be found in both soil and red raspberry roots within 4 years of fumigation (1) . For decades, raspberry growers were able to mitigate the impact of P. penetrans after establishment by applying the contact nematicide fenamiphos. When mature raspberry plants are infested with P. penetrans, nematicide applications can increase plant growth and yield (27) . Very similar results have been found in other perennial crops infested with P. penetrans (6, 18) . The registration for fenamiphos was cancelled in the United States (23) , creating a void in ways by which raspberry growers can manage P. penetrans after establishment of the crop. The Washington raspberry industry has actively pursued finding post-plant management options for P. penetrans; however, there are no other U.S.-registered, post-plant nematicide treatments that effectively control P. penetrans in bearing red raspberry.
Most of the previous research on the impact of P. penetrans on red raspberry establishment and productivity was conducted on the 'Willamette' raspberry; however, Willamette is no longer commonly grown in northwest Washington. Presently, the floricanebearing 'Meeker', 'Chemainus', 'Saanich', and 'Cascade Bounty' are most commonly planted in Washington because of the commercial traits and disease resistances of these cultivars. These four cultivars made up approximately 80% of plant sales from 2006 to 2010 in Washington State (29). The goals of this study were to determine how P. penetrans affects red raspberry growth at the postplant stage by using post-plant nematicide applications to protect the plant from P. penetrans, and whether the impact differs among red raspberry cultivars most commonly grown in Washington. This information will guide growers in cultivar selection, and will address whether post-plant nematicide applications can improve the productivity of red raspberry grown in northwest Washington.
Materials and Methods
Experimental design and treatments. Experiments were established in spring 2011 in five commercial raspberry fields in northwest Washington. Established raspberry fields were identified with relatively uniform population densities of P. penetrans and without a history of root rot caused by Phytophthora rubi (T. W. Walters and I. A. Zasada, unpublished data), representing different regional climates, raspberry cultivars, and soil types in Whatcom and Skagit Counties ( Table 1 ). The identity of the Pratylenchus sp. at each field was confirmed as Pratylenchus penetrans based upon morphological characteristics and the presence of males (2) . Each trial was an independent experiment (Table 1) and, although raspberry cultivar varied among locations, the same experimental design was implemented at each location. In each trial, a one-way completely randomized experimental design with five or six replications was established. Each experimental unit (plot) was one row wide (1.2 m), one post length long (9 m), and comprised of 9 to 12 plants, with an identical plant number in each plot within a location. Within locations, an equal number of plots (replications) were either treated with nematicides or not. In the treated plots, the nematicides fosthiazate (EC 900; Syngenta Crop Protection) and oxamyl (Vydate L; DuPont) were applied in June 2011, in April and May 2012, and in April 2013. Vydate L was applied at 1,532 ml/ha (oxamyl at 367 g/ha), and EC 900 was applied at 919 ml/ha (fosthiazate at 5,044 g/ha) at each application. Oxamyl and fosthiazate were applied together with a CO 2 -powered backpack sprayer in a volume of 1 liter/plot using a single-nozzle boom (8006 nozzle; Teejet) sprayed directly on the soil in a 1.2-m-wide band centered on the row. Rates were calculated on the basis of the field acreage but were concentrated in the band, as described previously (28) . Each application was followed by rainfall or overhead water application of at least 1 cm. Nontreated plots received no nematicide and no additional overhead water application. Fertility, irrigation, and pest management practices were handled by the cooperating growers and followed recommended practices for the region (11) .
P. penetrans dynamics in roots and soil. P. penetrans population densities were determined in the spring and fall of all years. From each plot at each collection date, 12 soil cores (2.5 cm in diameter by 25 cm deep) were collected and combined. At the same time, two root cores (15 by 15 by 15 cm) within the bed of each plot were collected using a square-blade shovel; roots were picked manually from the cores and saved. Both soil and roots collected from the same plot were placed in a polyethylene bag and stored at 5°C until processed. For extraction of P. penetrans from soil, 100 g of soil from each sample was placed on a Baermann funnel and collected after 5 days (7). A subsample of 50 g of soil from each plot was placed in an oven set at 70°C for 7 days, and then weighed to determine dry weight. To determine P. penetrans population densities in roots, collected roots were washed free of soil, and fine roots (diameter ≤2 mm) were preferentially collected for extraction. Nematodes were extracted from roots by intermittent mist, and P. penetrans collected after 7 days (7). After extraction, root samples were dried in an oven set at 70°C for 7 days to determine dry weights. Population densities of P. penetrans in soil and roots were determined using a stereomicroscope at ×40 magnification, and expressed as number of P. penetrans per 100 g of dry soil or P. penetrans per gram of dry root.
Assessment of yield and fruit quality. Fruit was machineharvested at all locations using the growers' harvesters. During all years, harvesting machines were driven down the raspberry rows to the end of each plot until all the berries from the plot were collected. The exception was Meeker trial 2, where yield data were not collected in 2013 due to logistical issues. Berries were collected in flats and weighed immediately after harvest. Berries were collected at least once a week during the peak harvest season to determine yield (12 July to 3 August 2011, 7 July to 28 July 2012, and 5 July to 31 July 2013). In all trials, 25 and 50 berries in July 2012 and 2013, respectively, were sampled randomly by hand from each plot, placed in a polyethylene bag, crushed manually, and weighed. The juice was collected to measure percentage soluble solids (°Brix) using a refractometer (Model PA202; MISCO) at room temperature (25) ; juice from each bag was measured two times and the values were averaged. Measurements of soluble solids of the berries were repeated from each plot in August 2012 and July 2013.
Primocane and root biomass measurements. In June 2012 and 2013, two plants were chosen randomly from each plot, and primocane (shoots germinated from roots and crowns in the first year; the same canes become floricanes in the second year) number was counted. In addition, two plants, each with 10 primocanes (5), were chosen randomly and primocane height was measured.
To collect fine roots from each trial (cultivar), two cores were collected within the root zone in each plot using a modified soil cutter (8 cm in diameter by 20 cm deep), combined, and passed through a 4-mm pore-diameter sieve in September 2012 and August 2013. Roots retained on the sieve were placed in a polyethylene bag and stored at 5°C until processed. For processing, the entire root sample was placed in a bucket and covered with approximately 10 liters of water. This slurry was agitated and then poured over a 2-mm-diameter sieve two times; roots retained on the sieve were collected and placed in water. Roots were then partitioned into woody (diameter >2 mm) and fine roots (diameter <2 mm). P. penetrans was extracted from the fine roots and enumerated as described above. Dry weights of woody and fine roots were determined after nematode extraction, as described above.
Whole-plant destructive sampling. A destructive sampling was conducted only at Meeker trial 2 in December 2011 and 2012. Starting 1.2 m (2011) and 2.7 m (2012) from the south end of each plot, two plants were removed from a 1.5-m area. A shovel was used to excavate the area to a depth of 0.5 m, and the whole plant (roots, primocanes, and floricanes) was removed; roots were collected by hand to ensure that most of the plant material was collected. Whole plants were bagged and transported to the laboratory for further processing. Primocanes and floricanes were cut, separated from roots, and counted, and fresh weights determined. Roots were washed free of soil and sorted by diameter into smaller roots (diameter ≤5 mm) and larger roots (diameter >5 mm), and root fresh weights were measured. Approximately 20 g of fresh fine roots (diameter ≤2 mm) were sampled, and P. penetrans extracted from the roots and quantified as described above. All plant parts (primocanes, floricanes, and smaller and larger roots) were dried at 38°C for 7 days before dry weights were measured.
Other pest assessments. In May 2012, to determine the presence and density of aphids, a timed observation was conducted in all trials. Each plot was observed for 2 min by counting the aphids on the underside of raspberry leaves at heights of 0.5 to 1.7 m on the west side of the raspberry row (10) . The counts began at one end of each plot and continued until the end was reached or time ran out. To determine the presence and population of root weevils in May 2012, one soil core was collected from the bed of each plot in each trial using a standard golf tee cutter (8 cm in diameter by 16 cm deep), and the soil was passed through a 2-mm-diameter sieve to recover root weevils, which were counted. Trials were scouted each year for characteristic root rot symptoms cause by Phytophthora rubi (collapsing floricanes, wilting primocanes, and premature yellowing of older leaves).
Statistical analyses. Nematode population density data were transformed prior to analysis to meet normality or equal variance assumptions of the model; nontransformed, raw data are presented in tables and figures. In the Chemainus trial, Pratylenchus penetrans soil population density data were 12000 / arcsin x transformed and, in the Meeker trial 1, soil population density data were 14000 / arcsin x transformed, where x = P. penetrans population densities. P. penetrans soil population density data in the Saanich trial and both soil and root population data in the Cascade Bounty trial were ln(x + 1) transformed, where x = P. penetrans population densities. In Meeker trial 2, P. penetrans soil and root population density data were x transformed, where x = P. penetrans population densities. The remaining P. penetrans population density data were rank transformed using PROC RANK in SAS 9.2 (SAS Institute). PROC MIXED was used for repeated measures analysis to compare results among sample times. Covariance structures were chosen according to the experimental design and the default information criteria, Akaike's information criteria and Bayesian information criteria (9) . Means separations were performed using the LSMEANS statement to adjust all pairwise differences by default in PROC MIXED, with the macro program "Pdmix800.sas" (19) used to generated means separations. Yield, berry soluble solids content, berry weight, primocane number, and height data from all trials were analyzed using PROC TTEST separated by year. Data from the destructive Meeker trial 2 sampling were analyzed using PROC MIXED as a one-factor (treatment) completely randomized design separated by year. Smaller root (diameter ≤5 mm) dry weight data were ln(x) transformed, where x = small root dry weight, to meet the assumption of normality. Data from the primocane and root biomass measurements were analyzed using PROC TTEST separated by year.
Results
P. penetrans dynamics in roots and soil. Across all trials (cultivars) except Cascade Bounty, P. penetrans initial population densities were 45 to 327 nematodes per 100 g of dry soil and 304 to 1,408 nematodes per gram of dry roots (Fig. 1B-E) . For Cascade Bounty, there were 7 nematodes per 100 g of dry soil and 239 nematodes per gram of dry root, on average, at the beginning of the study (Fig. 1) . The population dynamics of P. penetrans followed similar trends across trials, with a few minor differences. In most trials, applications of oxamyl and fosthiazate successfully reduced P. penetrans population densities in both soil and roots during the 3-year study compared with the initial sampling date (Fig. 1A-E) . The exception was at Meeker trial 2, where P. penetrans population densities in treated soil and roots were 35 to 156 nematodes per 100 g of dry soil and 55 to 806 nematodes per gram of dry root over the course of the study. In fact, in April 2013, P. penetrans population densities in treated and nontreated root samples were similar at this site (Fig. 1D) . At all of the sites except the Cascade Fig. 1 . Pratylenchus penetrans population densities on red raspberry (Rubus idaeus) cultivars A, Cascade Bounty; B, Chemainus; C, Meeker trial 1; D, Meeker trial 2; and E, Saanich either treated or not treated with oxamyl (Vydate L) at 1,532 ml/ha (367 g/ha) and fosthiazate at 919 ml/ha (5,044 g/ha) at each application. Nematicide applications were made in spring of each year. Nontransformed data are shown and each value is the mean ± standard error of six replicated plots. Means separation for populations in soil and roots was based on transformed data, with the type of transformation depending upon the trial. Lowercase letters a to e are used for means separation of root populations, while the letters t to z are used for means separation of soil populations. Within root or soil populations, means sharing the same letter are not significantly different based on a repeated measures analysis (P ≤ 0.05).
Bounty (Fig. 1B-E) .
Impact of P. penetrans on yield and fruit quality. For the partial harvest data from 2011, there were no significant differences in yield of Chemainus, Saanich, Meeker trial 1, or Meeker trial 2 between treated and nontreated plants ( Fig. 2A) . However, for Cascade Bounty, treated plants had a 21% reduction in yield compared with the yield of nontreated plants. For the partial harvest data of 2012, yields of treated plants in both Chemainus and Meeker trial 1 were reduced by 19% compared with corresponding nontreated plants (Fig. 2B) . No significant differences were observed in partial harvest data of 2013 (Fig. 2C ). There were few consistent trends in soluble solid content (measured as °Brix) and fruit weight between the treatments at any of the trials (data not shown). In July 2012, treated Meeker trial 2 had reduced soluble solid content (P < 0.0346) than nontreated plants (10.9 and 11.2, respectively); however, this difference was not observed at the second assessment of fruit quality in August. Treated plants of Meeker trial 1 had greater fruit weight (76.0 g) than nontreated plants (69.4 g) in July 2012 (P < 0.0391); this trend was not observed in August 2012. At the latter sampling date in 2012, both treated Chemainus and Cascade Bounty had significantly lower soluble solids (P < 0.001) than corresponding nontreated plants; there were no differences in fruit weights between nematicide-treated and nontreated cultivars in any of the trials at this sampling date. In 2013, fruit from nontreated Chemainus had higher (10.9) soluble solids content than treated Chemainus (10.1) at the July assessment (P = 0.0438). Later in the season in 2013, differences in soluble solid content were only observed in Cascade Bounty, with higher content in nontreated (9.4) versus treated (8.9) fruit (P = 0.0457).
Impact of P. penetrans on primocane growth and root biomass. There were generally no differences in the vigor (primocane height and number) of treated and nontreated plants (data not shown). However, in 2012, nematicide-treated Chemainus had greater primocane height (131 cm) and number (21 primocanes) compared with nontreated Chemainus (116 cm and 18 primocanes) (P ≤ 0.05). In 2013, nematicide-treated Cascade Bounty had greater primocane height (154 cm) compared with nontreated plants (140 cm) (P ≤ 0.05). There were no significant differences in aboveground plant growth parameters between treatments in any of the other cultivars.
Treated Chemainus and Meeker trial 1 had more fine roots in 2012 compared with nontreated plants whereas, in Cascade Bounty, the nematicide-treated plants had lower fine root biomass (Table 2 ). There was no treatment effect on the dry weight of roots >2 mm in any cultivar. In 2013, there was no significant difference observed in root biomass in any cultivar. Similar to observations in the P. penetrans population dynamics over time dataset (Fig. 1) , P. penetrans root population densities were significantly greater in nontreated cultivars compared with treated cultivars in all trials in 2012 and 2013 ( Table 2) .
Impact of P. penetrans on whole plant biomass. There was no significant difference in primocane number, primocane dry weight, floricane number, floricane dry weight, or large root dry weight between treated and nontreated plants in Meeker trial 2 in 2011 (Table 3) . However, the dry weight of fine roots in treated plants was 51% greater than in nontreated plants. Limited fine roots were observed in nontreated plants, and fine roots that were present were typically brown, dead or dying, and bunched (witches' broom; 10) in the larger roots. In 2012, similar trends were observed with few significant aboveground impacts of the nematicide treatment on plant performance (Table 3 ). In 2012, there were more primocanes in treated plants compared with nontreated plants; however, there was no significant difference in primocane dry weight between the treatments. Belowground, there continued to be significant differences in fine root biomass between the treatments (Table 3) ; treated plants had 65% more fine roots than nontreated plants.
Presence of other pests. No damaging levels of other insect pests were found in the trials. A few large raspberry aphids (Amphorophora agathonica; 10) were detected in all the trials (data not shown). Although the damage threshold of large raspberry aphids on raspberry is not known, this aphid damages raspberry plants only at extremely high populations (20) . In addition, no weevils (Otiorhynchus spp.) were detected (data not shown). No evidence of root rot caused by Phytophthora rubi was observed during yearly scouting events.
Discussion
Repeated applications of oxamyl and fosthiazate successfully reduced Pratylenchus penetrans population densities in both soil and roots in all five red raspberry trials. The effectiveness of these nematicides for the suppression of P. penetrans was consistent with the findings of Zasada et al. (31) , as well as effectiveness previously demonstrated for Meeker, Willamette, and 'Nootka' (28) . The successful P. penetrans control was reflected in 51 to 65% greater fine root biomass in treated plots in Meeker trial 2 compared with nontreated plots. However, in this study, despite protection of raspberry cultivars from P. penetrans for over 2 years, consistent differences in plant and fruit productivity were not observed. Belowground, it was surprising that few consistent differences in fine root biomass were observed over the course of this research. Fine root biomass is an important parameter with which to assess P. penetrans damage. It is well known that fine roots are the preferred feeding site of P. penetrans and that the nematode reduces fine root biomass by penetrating the roots, migrating within the roots, and feeding on the root cells (3). Apple and cherry trees grown in P. penetrans-infested soil had a greater percentage of bunched, dark, and dead or dying fine roots, whereas apple and cherry trees grown in a nematicide-treated soil had extensive root systems with healthy fine roots (12, 13) . Coffee infested with P. coffeae had less fine root biomass compared with nematode-free plants (24) . P. coffeae also reduced carbon fixation in coffee seedlings (15) .
Our inability to consistently detect differences in fine root biomass between treated and nontreated plants may have been due to the methodology used across the trials. This is exemplified in the Meeker trial 2, where both root sampling methods, core and destructive sampling, were used. The destructive sampling protocol consistently demonstrated that nontreated plants had lower fine root biomass and a greater percentage of dead or dying roots, while treated roots were asymptomatic. An increase in fine root biomass in treated plants was not observed in this same trial when using the core method. This indirectly demonstrated that assessing root systems using cores collected from only a few locations within the root zone may have had less differentiating power than destructive, whole-plant sampling.
Vrain et al. (26) showed that P. penetrans populations in both soil and roots did not follow any seasonal patterns. In our study, in general, P. penetrans population densities in nontreated soil increased during the summer and decreased during the winter. However, due to variation in population densities within trials, significant differences were not always observed. Winter conditions appeared to be associated with greater mortality of P. penetrans (8) , but mortality was greater in the top 15 cm of soil than deeper in the soil profile. In this study, soil samples were collected 30 cm deep, which may be the reason that a significant decline of populations in soil after winter was not always observed. In addition, population densities of P. penetrans in soil should not be considered a reliable indicator to predict potential damage of this nematode to established red raspberry. Fluctuations of P. penetrans population densities in soil can be misleading and may result in underestimation of the actual population densities of this nematode parasitizing the roots.
The inability to measure differences in aboveground growth and yield of raspberry plants even after protecting the plants from P. penetrans for more than 2 years with post-plant nematicide applications is likely due to the complex growth dynamics of these perennial plants. Roots, as a carbon sink in raspberry, can compensate for carbon resources available to aboveground portions of the plants (4, 5) . More importantly, aboveground biomass does not respond immediately to root damage caused by root-feeding nematodes because of the complexity of compensation mechanisms in perennial plants. Grapevines infested by ring nematode (Mesocriconema xenoplax), even under extreme stress (15% sunlight), did not show a reduction in shoot biomass until the second year of exposure to M. xenoplax (21) . In addition, due to this complex source-sink relationship, the response of aboveground plant por- y Plants were either treated or not treated with oxamyl (Vydate L) at 1,532 ml/ha (367 g/ha) and fosthiazate at 919 ml/ha (5044 g/ha) at each application. Nematicide applications were carried out in spring of each year. Root biomass and P. penetrans population were detected in fall 2012 and 2013. P value = probability of no significant difference between treated and nontreated plots based on an analysis of variance. z Nontransformed data are shown. Each trial was assessed as an individual experiment. Each value is the mean of five or six replicate plots; within each trial, means followed by different letters are significantly different between columns according to Student's t test (P ≤ 0.05). y Plants were either treated or not treated with oxamyl (Vydate L) at 1,532 ml/ha (367 g/ha) and fosthiazate at 919 ml/ha (5,044 g/ha) at each application. Nematicide applications were carried out in spring of each year. z Nontransformed data are shown. Each value is the mean of six replicate plots; means not followed by a letter within the same column are not significantly different according to Student's t test (P ≤ 0.05). P value = probability of no significant difference between treated and nontreated plots based on an analysis of variance.
tions to improved root health may also be delayed. Due to root loss, it can take 3 years to increase yield after improvements of root and cane growth in the first and second year, respectively (17). Vrain and Keng (27) documented that the yield of 7-year-old Willamette raspberry infested with P. penetrans increased 15 months after applications of fenamiphos or carbofuran compared with nontreated plants. Similar results were obtained in apple trees severely infested by P. penetrans, with yield increases not observed until 3 years after applications of fenamiphos in spring and fall compared with nontreated control plots (18) . In this study, similar results were not observed. Another potential reason for not observing increases in yields or plant productivity of nematicide-treated plants may have been phytotoxicity. The combined application of oxamyl and fosthiazate is not registered for use on raspberry in the United States This treatment was chosen because both of these nematicides have been shown to reduce population densities of P. penetrans in raspberry (28, 31) , and the desired goal was to reduce P. penetrans population densities as much as possible to increase chances of measuring whether P. penetrans affects plant growth and fruit yields. Treated Cascade Bounty plants had lower yields than those observed in nontreated plants 3 months after the initial nematicide application. Although yield reduction was not observed in the following years, there was less fine root biomass that year in treated versus nontreated plants. These results lead to the conclusion that the nematicides used in the study may have been phytotoxic to Cascade Bounty. This conclusion is further supported by lack of insect damage or root rot caused by Phytophthora rubi at this location. Phytotoxicity of post-plant nematicide applications to raspberry has been reported. The yield of Nootka raspberry was reduced after treatment with oxamyl (28) . Similarly, Willamette raspberry treated with fenamiphos at 16 kg a.i./ha had reduced cumulative floricane diameter compared with plants treated with fenamiphos at 8 kg a.i./ha (27) .
In addition to few observable differences in aboveground growth and yield, consistent differences in fruit quality were not detected between the treatments. Although significant differences were observed in soluble solids between treated and nontreated plants in three trials, the differences observed in the first sampling did not persist to the second year of sampling. Therefore, it was not evident that the nematicide treatments affected fruit quality in a positive manner. In fact, treated plots of Chemainus and Cascade Bounty had lower soluble solids than nontreated plots at some sampling dates, again suggesting a phytotoxic effect. No studies have documented that Pratylenchus spp. or, for that matter, any plant-parasitic nematodes affect the quality of red raspberry or other perennial fruit crops.
In the Pacific Northwest, recommendations indicate that when Pratylenchus penetrans populations reach 1,000 to 4,000 P. penetrans per 500 cm 3 soil in established raspberry fields, which is equivalent to 140 to 550 P. penetrans per 100 g of dry soil, plant growth will decrease and post-plant nematicide treatments will be required (17) . Our study does not support this recommendation. Soil populations in nontreated plots in all trials reached or exceeded 140 to 550 P. penetrans per 100 g of dry soil. Although nematicide treatments decreased root and soil P. penetrans population densities, there were no corresponding increases in yield. Also, there were only a few significant differences in other above-and belowground attributes between treated and nontreated raspberry. Our overall failure to document benefits of nematicide could be a result of the raspberry production systems used on these farms. The fine roots favored by P. penetrans and protected by nematicide treatments provide essential water and nutrients to the plant. However, Washington raspberry growers typically supply water and nutrients through a drip irrigation system several times a week. Raspberry plants with reduced fine roots may be more dramatically affected under less luxuriant conditions. Based on the current cropping system in Washington, in which growers replant raspberry plants every 6 to 8 years, this study suggests that post-plant nematicide applications are of limited benefit because, at least during a 3-year time period after application, there may be little economic benefits to the grower. Whether the nematicide applications may have longer-term benefits, such as extending plant life or improving plant growth, remains to be determined.
